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and necessarily has a "noisy" current signal), (ii) all of the 
limiting current density experiments were performed 
using baths whose density and kinematic viscosity had 
been measured, or (iii) the limiting current density "pla- 
teau" for the EDTA baths was more extensive (adsorption 
of Quadrol (4) apparently decreases the potential region for 
the mass transport-controlled r action). 
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Secondary Current Distributions Using TOPAZ2D and Linear 
Kinetics 
E. C. Dimpault-Darcy* and R. E. White** 
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843-3122 
Secondary current density distributions are of interest 
to cell designers. The purpose of this note is to illustrate 
how to use an existing numerical method to determine 
these distributions for cells that contain conducting and 
nonconducting bodies between the main anode and cath- 
ode. 
The method is based on a public domain heat transfer 
code called TOPAZ2D (I). The  finite e lement  based 
method  allows for jump changes  in the potential f rom one 
region to another within the field of interest. This feature is 
un ique  and  is important for mode l ing  stacks of bipolar 
plate ceils, cathodic protection systems, electrodeposition, 
and  other systems where  the designer does not have con- 
trol of the potential (or current) in regions inside the cell. 
The  method  is used here to show how to extend the 
mode l  of a stack of bipolar plate cells that was  presented 
earlier by  Ho lmes  and Whi te  (2). In their work,  they ne- 
glected surface overpotentials wh ich  are defined here as 
the difference between the potentials at an interface be- 
tween two  regions (A and B) at wh ich  an electrochemical 
reaction occurs 
n = ~A - CB [1] 
This expression requires special mathematical treatment 
because the two potentials coincide spatially, as discussed 
briefly below, 
Others (3, 4) have presented methods for including sur- 
face overpotentials with the boundary element method 
and the finite element method. Deconinck et al. (3) in- 
eluded surface overpotentials atthe electrode surfaces in 
their two-electrode cell model using a boundary element 
technique, and Tokuda et al. (4) included surface over- 
potential in their finite element method. Unfortunately, 
both methods require that the electrode surfaces lie on the 
boundaries of the cell, where one of the potentials in Eq. [1] 
can be set. This restriction makes their methods inappro- 
priate for modeling stacks of bipolar plate electrochemical 
cells. 
Model and Solution Method 
A stack of bipolar plate cells is shown in Fig. 1. Assum- 
ing uniform concentration, the two-dimensional Laplace 
equation 
Ox ~x Oy \ Oy / 
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governs the potential in the conducting regions in the cells 
(electrolyte and bipolar plates). In this work, the electrical 
conductivity is assumed to be isotropic (K• = Ky), and the 
symbols, and (r, are used to denote the conductivity of 
the electrolyte and the bipolar plates, respectively. In the 
previous model (2), the potentials at the terminal anode 
and cathode are set. This condition is used for predicting 
primary current distributions in which the surface over- 
potential concept is neglected. That is, the potential of the 
electrolytic solution adjacent to the electrodes i assumed 
to be equal to the electrode potential and is thus an 
equipotential surface. This assumption is reasonable only 
if the electrode kinetics are very fast, or if the current den- 
sity is very low. 
At an interface between a solid electrode and an electro- 
lyte, the surface overpotential can be defined as 
~(x,y) = ~ol~d(x,y) -- (bsolution(X,Y) [3] 
where #SO~ld is the potential on an electrode surface and 
~so~uuo, is the potential of the electrolytic solution adjacent 
to the surface of the solid electrode. For small surface over- 
potentials, Newman (5) gives a simplified linear relation- 
ship between the overpotential nd the normal derivative 
of the potential 
/oF 0(5 
in = (~a + ~)  ~ n = --~ ~n [4] 
Using TOPAZ2D to solve this electrochemical problem 
requires a transformation to dimensionless variables. Con- 
sequently, let 
F x y 
dp = - -  cb, X = and Y = -- [5] 
RT -l' t 
where l is the half-length of the cells and t is the height of 
the stack. Using Eq. [3], [4], and [5], Eq. [2] becomes dimen- 
sionless, and for Fig. 1, the resulting external boundary 
conditions are 
iotF 
0r  _ (~  + ~)~[r  - r  [6] 
OY 
at the top anodic plate and 
a~ (OLa + a~) iotF 
aY - ~ [~cathod~ c~(X,O)] [71 
Downloaded 13 Jun 2011 to 129.252.106.227. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
Vol. 135, No. 3 SECONDARY CURRENT D ISTR IBUT IONS 657 
I, 1 ~1 
" / / / / / / / / / / / / / / / / / / / / / z  AN 0 D E I 
+ I 
I 
INSULATOR I 
] 
. . . . . . . .  - - -4  
I + ,  ELECTROLYTE I , 
l ', 
MANIFOLD 
Y REGION 
/ r  , / / / / / / /z / / /z / / / / / / / / / / )  C ATHO D E 
[ )x 
Fig. 1. Bipolar plate cell model 
at the bottom cathodic plate. The dimensionless potential 
at the anode, (Panodr and at the cathode, $r are speci- 
fied constants. Equations [6] and [7] have simple heat trans 
fer analogs since they resemble convection-type boundary 
condit ions 
aT 
- h (T  - T~)  [8] 
Oy 
In a similar fashion to Eq. [6] and [7], the cathode sides of 
the bipolar plates are governed by 
OCPso~tio~ = -(~a + iotF 
a~ (Xc) ~ [~so l id (X ,Y )  -- (Pso,ution(X,Y)] 
[9] 
and the anode sides of the bipolar plates are governed by 
Eq. [9] with a sign change. Such expressions are difficult to 
model  since they contain two unknowns which, by ne- 
glecting the double layer, conceptual ly coincide spatially. 
A novel  feature of TOPAZ2D enables it to handle Eq. [9] 
through its heat transfer analog equation 
aT 
- he(TA - TB) [10] 
Oy 
for a thermal contact resistance across an interface be- 
tween mediums A and B. TOPAZ2D uses internal bound- 
ary elements to allow thermal coupl ing between two sur- 
faces as indicated in Fig. 2. While four nodes (NA, NA2, NB1, 
and NB2) are required to define this element, opposed nodal 
coordinates (i.e., NA~ and N m) may coincide, reducing the 
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Fig. 2. Schematic of an internal boundary element 
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Fig. 3. Potential distribution plot for the model shown in Fig. 1 sub- 
ject to the parameters given in Table I. 
gap to zero. In the electrochemical  problem, A cor- 
responds to the electrolyte, and B represents the adjacent 
electrode surface. Comparison of Eq. [9] and [10] shows 
that the heat transfer analog can be completed by defining 
a dimensionless surface overpotentia] coefficient 
iotF 
= (~ + ar  [11] 
KRT 
Results and Discussion 
Figure 3 presents the potential distr ibution for the stack 
of bipolar plate cells of Fig. 1 with the set of parameters in 
Table I. The profile was obtained by using TOPAZ2D to 
solve Laplace's equation (Eq. [2]) in both the electrolyte 
and bipolar plates of Fig. 1. The profile between the bipolar 
plates follows the expect ion of Pletcher (6). Current flows 
from the anode through the electrolyte and the bipolar 
plates to the cathode. Most of the potential drop occurs in 
the electrolyte due to the relatively low conductivity of the 
electrolytic solution. Unl ike the previous model  (2), the in- 
sulators at the end of the plates do not lie in the model  do- 
main and are represented by internal blank regions in the 
surface plot. This method treats the internal insulators like 
boundary insulators that have an infinite resistance to cur- 
rent flow. Some current bypasses the bipolar plate region 
and flows around the insulators through the electrolyte in 
the manifold region. The sharp and abrupt potential jump 
at the surfaces of the electrodes represents the surface 
overpotential.  Note also that the solution adjacent o the 
electrode surface is clearly not an equipotential  surface, as 
assumed before (2). It should be noted that the geometry 
shown in Fig. 1 was chosen for demonstrat ion purposes. A
more realistic design would have included larger insula- 
tors at the ends of the bipolar plates. The selected geome- 
try produces a more prominent bypass current which re- 
sults in a more apparent variance in the overpotential 
along the electrode surface. Accounting for variances in 
overpotential  is important because it allows designers to 
better predict the level of nonuniformit ies in potential dis- 
tr ibution in their designs. 
In closing, this electrochemical  problem could possibly 
be handled by other finite e lement heat transfer codes (7). 
However,  TOPAZ2D's  internal boundary e lement feature 
Table I. Parameters values 
(~anode 
(~)cathode 
K (~ l cm I) 
(~ l cm 1) 
1.0 
0.0 
0.0001 
0.01 
0.001 
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is s imple and direct. It should be possible to incorporate 
But ler -Vo lmer  kinetics, or any similar relation, into 
TOPAZ2D by alter ing the port ion of the code deal ing with 
convect ion-type boundary  condi t ions and with the inter- 
nal boundary  e lement  condi t ions for coupl ing interfacial  
surfaces. Also, TOPAZ2D can be used to calculate f luxes 
at each nodal  po int  to give the current  densi ty  distr ibut ion.  
In addit ion, a three-d imens iona l  vers ion of the code, 
TOPAZ3D,  has been developed (8). 
Manuscr ip t  submi t ted  Dec. 29, 1986; revised manuscr ip t  
received Ju ly  22, 1987. 
Texas A&M University assisted in meeting the publica- 
tion costs of this article. 
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Greek 
O~ a
L IST  OF SYMBOLS 
Faraday's  constant,  96,487 C/tool of e lectrons 
convect ion heat  t ransfer  coefficient, W/m 2 K 
contact  res istance heat  t ransfer  coefficient, W/m 2 K 
normal  component  of the cur rent  density vector, 
A/cm 2 
exchange current  densi ty  at equi l ibr ium, A/cm 2 
electrical conduct iv i ty  in the x-direction, ~ t cm -I 
electrical conduct iv i ty  in the y-direction, ft-I cm-  
hor izontal  hal f - length of bipolar  plate cells, cm 
uni t  normal  vector, cm 
e lement  node number  
universa l  gas constant,  8.3143 J/tool K 
absolute temperature ,  K 
temperature  in region A, K 
temperature  in region B, K 
vert ical he ight  of the stack of bipolar  plate cells, cm 
hor izontal  spatial  coordinate,  cm 
vert ical  spatial  coordinate,  cm 
d imens ion less  hor izontal  spatial  coord inate 
d imens ion less  vert ical  spatial  coord inate 
symbols  
t ransfer  coefficient in the anodic d irect ion 
O~ c
K 
CA 
d~B 
(P 
(])anode 
d/)cathode 
(])sohd 
(Dsolutlon 
(r 
t ransfer  coefficient in the cathodic d irect ion 
d imens ion less  surface overpotent ia l  coeff icient 
electrical conduct iv i ty  of electrolyt ic solution, [~-1 
cm 1 
overpotent ia l  t e lectrode surface, V 
potential,  V 
potent ia l  in region A, V 
potent ia l  in region B, V 
d imens ion less  potent ia l  
d imens ion less  potent ia l  at the anodic surface of 
e lectrode 
d imens ion less  potent ia l  at the cathodic surface of 
e lectrode 
di [nensionless potent ia l  of solid electrode surface 
d imens ion less  potent ia l  of electrolyte 
electrical conduct iv i ty  of solid electrode, ~ 1 cm 1 
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The Current Distribution on a Rotating Disk Electrode in 
Potentiostatic Pulsed Electrolysis 
Haewei H. Wan* and Huk Y. Cheh** 
Department of Chemical Engineering and Appl ied Chemistry, Columbia University, New York, New York 10027 
A number  of recent  articles deal wi th  pulsed potent ia l  
electrolysis. For  instance,  Despic and Popov  (1) studied 
mass t ransfer  under  pulsed potent ia l  condi t ions in the ab- 
sence of convect ion.  V i swanathan  and Cheh (2) presented 
a mathemat ica l  model  for mass t ransfer  to a rotat ing disk 
e lectrode (RDE) by apply ing potent iostat ic  pulses. Gel- 
ch insk i  et al. (3) e lectroplated chromium-coba l t  alloys by 
us ing a pulsed potent ia l  source. However,  all these treat- 
ments  were based on the assumpt ion  that  the electrode 
surface received a un i form current.  In a recent  paper  (4), 
we demonst ra ted  the nonun i fo rmi ty  of cur rent  distr ibu- 
t ion under  var ious pulsed current  condit ions.  In this inves- 
t igation, we show how the mathemat ica l  model  developed 
by pu lsed cur rent  echn ique  can be extended to pulsed po- 
tent ia l  electrolysis. The di f ferences between these two 
methods  are also discussed. 
By mak ing  the same model  assumpt ions  and nomencla-  
ture as in our previous paper  (4), the concentrat ion  of the 
react ing species is governed by the fol lowing t rans ient  
convect ive di f fusion equat ion  
OC OC OC 02C 
- -+Vr - -+Vz- -=D - [1] 
Ot Or Oz Oz 2 
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with the boundary  condit ions 
C = C~, at t = O and for all r and z [2] 
C = C| at t > O and for r 2 + z 2--~ ~ [3] 
OC i 
-D  - -, at t > 0, z = 0, and for all r [4] 
Oz nF  
OC 
- 0, at t > 0, r - 0, and for all z [5] 
Or 
Dur ing  the on-period o f the  cycle, the appl ied potent ia l  
on the disk Vt with a large copper  countere lect rode is a 
constant ,  the sum of the ohmic potent ia l  drop r the con- 
centrat ion overpotent ia l  ~lc, and the surface overpotent ia l  
Vt = q% + ~0c + ~ls [6] 
Dur ing  the off-period of the pulse 
v~ - 0 [7] 
Simi lar  t reatments  and solut ion procedures  to those in 
Ref. (4) are appl ied to obta in the concentrat ion  profile and 
current  distr ibut ion.  The only di f ference in computat ion  
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